Frozen surimi (fish-meat) gel samples with di#erent moisture contents were subjected to measurement of their fracture stress (bending energy) in a low temperature range. The optimum conditions for lowtemperature cutting ( "cryo-cutting") were estimated from the values of enthalpy change measured by a di#erential scanning calorimeter (DSC).
Introduction
Electric saws are often used to cut frozen foods such as fish, especially tuna. In spite of its simplicity, this cutting method has some problems, such as relatively low yield, the danger of the work and the necessity of treatment of the huge amount of wastewater required for cleaning the cutting machines. Further, saw waste could cause microbiological problems in a factory environment.
With this in mind, we have developed a new method for cutting frozen fish, called cryo-cutting, in which a bending force is applied to frozen fish at an appropriate low temperature. Because no band saw is used for cutting, this method generates no saw waste. This method should also improve yield and quality. We have previously reported that frozen mackerel and frozen tuna were cut cleanly at a temperature of around ῌ+**῎ in a bending test.
Frozen fish may not be properly cryo-cut because of an inadequate (too high) freezing temperature, although if the temperature is too low, the meat may fracture into small pieces. Either way, these conditions may reduce the yield. Therefore, the temperature range suitable for cryo-cutting is considered to be between the temperature at which the brittle fracturing of frozen fish starts and the temperature at which it begins to snap when subjected to an external force. Moreover, it is thought that the optimum temperature range di#ers depending on the composition of the fish meat and associated di#erences in its physical properties at low temperature. The setting up of cryo-cutting conditions for all varieties of fish will become easy if the fracture behavior of frozen fish can be presumed by using small samples with an apparatus such as a di#erential scanning calorimeter (DSC), so that bending tests at every temperature and for every fish species are not required.
DSC measurements of fish meat at low temperatures of *῎ or less have been reported, mainly for the purpose of explaining quality degradation under storage. This is particularly relevant for tuna, as changes in the glass transition temperature due to changes in moisture and salt content have been reported. However, these reports did not draw a connection between the physical properties and the fracturing behavior of frozen fish meat. In this study we investigated the possibility of determining an optimum cryo-cutting temperature by analyzing the results of DSC measurements and by comparing the fracturing behavior of frozen fish in a low temperature range. Surimi (fish-meat) gels with known moisture contents were used as test samples.
Materials and Method
Samples and pretreatment Surimi gels with di#erent moisture contents (.*ῌ3*ῌ w/w) were made from dried surimi powder (Provine X : Taiyo A&F Co. ; ,ῌ w/w of moisture content), and distilled water. Samples for measuring fracture stress were made by slicing the gel into ,* mm῍0* mm῍/ mm pieces and freezing the pieces quickly at an ambient temperature of ῌ.*῎. We wrapped the samples with polyvinyl chloride film and kept them in a freezer at ῌ-*῎ until subjecting them to testing.
Measurement of bending energy The fracture stresses of surimi gel samples were measured by the three-point E-mail : k-okamoto@maruha.co.jp Food Sci. Technol. Res., ++ (,), ,-0ῌ,-3, ,**/ bending test using a universal testing machine assembled in our laboratory. The samples were placed in a Styrofoam box for heat insulation and the inside cooled with evaporated liquid nitrogen gas. When the inside of the box reached the test temperature, samples were placed in the box for -* minutes or longer in order to reach this temperature. After this preparation, we conducted bending tests. The ascending rate of the stage was , mm/ min, and the distance between support points of the sample was *.*.* m.
Fracture stress was calculated using eq. (+) from the value of the maximum load during the test, F (N), distance between support points, l (m), width of sample, b (m), and height of sample, W (m).
Fracture strain e is expressed by eq. (,). 
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where Iz is the sectional secondary moment and y is the displacement of the test piece at the center of the beam when bending. The strain of the test piece is expressed by eq. (0), which is made by the substitution of eqs. (-), (.), and (/) for eq. (,).
eῒ0W· yῌl , Eq. (0) Bending energy U is calculated by eq. (1) based on the area that is enclosed by the x-axis and the stress-strain curve from the start to the maximum load.
Uῒ ῒ ΐ ῑ ῐ῍ῌ῎ ῏ sde Eq. (1) eFmax is the strain when a test piece receives the maximum load.
Measurement of the glass transition temperature The glass transition temperatures of surimi gel samples with various moisture contents were measured using a DSC+,* connected to an SSC/,** disk station (Seiko Instruments Inc.). Five milligrams of the gel was sealed in a small aluminum container (capacity 1* ml) just before measurement. For a reference, / mg of alumina (Al,O-) was used. Liquid nitrogen was used to cool the medium and the inside of the furnace to ῐ+1*ΐ or less. After keeping the temperature constant for about +/ minutes, heating began at a rate of 2ΐ/min, and DSC measurements were taken. From the DSC curve, based on a conventional method, we judged the glass transition temperature (start point temperature : Tig, middle point temperature : Tmg and end point temperature : Teg).
Results and Discussion
Bending energy of frozen surimi gel at a low temperature The bending energies of frozen surimi gels measured by three-point bending tests are shown in Fig. + (a) -(f). Five measuring runs were conducted for each moisture content level and for each temperature. The closed circles show the average values, and the ranges between the bars show the standard deviation (ῑ+s).
In the case of the sample with 3*ῌ moisture, the temperature at which the test piece fractured by bending was above ῐ.*ΐ, and for the sample with 0*ῌ moisture the temperature was above ῐ/*ΐ. In Fig. +, point A represents the temperature at which fracturing of the sample did not occur. As the moisture content of the test piece is reduced, temperature A decreases.
At around ῐ1*ΐ, a decrease in bending energy was also observed due to brittle fracturing. Point B in Fig. + shows the temperature at which brittle fracturing occurs. At such a temperature or below, samples with moisture contents of .*ῌ and /*ῌ did not exhibit decreasing bending energy, so for these samples temperature B is ῐ1*ΐ.
From these results, it became clear that frozen surimi gel can be cut in two by bending below temperature A (ῐ .*῍ῐ0*ΐ), and can be cut with low energy because of its brittleness below temperature B (ῐ1*ΐ).
Glass transition temperature of frozen surimi As an example of a typical DSC curve for frozen surimi gel, the results of measurements for the sample with 1*ῌ moisture content are shown in Fig. ,. A change in the inclination of the base line was seen between ῐ3* and ῐ0*ΐ in all samples, and it was judged that the glass transition had occurred in this temperature range. Based on a conventional method, as shown in the figure, auxiliary lines (dotted lines) were drawn and the start point temperature (Tig), middle point temperature (Tmg) and end point temperature (Teg) were determined. The results, from which the glass transition temperature for each condition may be determined, are shown in Table + . These values are an average of two samples for each condition.
A tendency was seen for the glass transition temperature to fall as the moisture content of the gel was reduced. Because water works as a plastic agent in food in a frozen state, it can be said that in general the glass transition temperature increases in conjunction with decreasing moisture contentῌindeed, some foods show the same tendencyῌbut frozen surimi gel shows a di#erent tendency. In codfish muscle, which is the source material for surimi, the glass transition temperature Tg falls in conjunction with a reduction in moisture. Therefore, the result may be regarded as a consequence of the di#erence in the moisture content dependency of the glass transition temperature.
Estimation of an appropriate temperature for cryocutting of frozen surimi by DSC parameter To investigate whether the characteristic temperatures A and B for cryocutting of frozen surimi gel can be predicted by DSC measurement, we examined the relationship between the glass transition temperature and temperatures A and B. The second power sum of the di#erence between the glass transition temperatures (Tig, Tmg, Teg) and temperatures A and B are shown in Table , . The glass transition temperature with smallest value is considered to be suitable as an index for temperatures A and B.
As a result, Tig had the smallest second power sum di#erence for temperature A, and Teg had the smallest value for temperature B. From these results, it is suggested that when cryo-cutting is performed on frozen surimi gel, the frozen gel may be cut below the temperature Teg determined by DSC measurement ; below Tig, it can be cut with low energy use.
In polymer materials such as rubber, at a temperature below the glass transition temperature micro-Brownian motion is restricted and the elastic modulus is raised abruptly. If it is assumed that food can also be considered to be a kind of high-polymer gel, the reason fracture did not occur at temperatures above Teg in this experiment was that molecular movement activates at a temperature above Teg, and plastic flow occurs within the surimi gel from the external load. Moreover, the reason bending energy falls below the glass transition start temperature (Tig) is that molecular movement is restrained and the surimi gel becomes brittle.
This view may be applicable to analyses of fracture behavior at low temperatures for other fish species and food materials, and investigations must now be conducted for di#erent kinds of fish. When oils and fats are contained in fish meat, especially in the case of fish oil with a melting point of *ῌ or less, the quantity and composition of these elements can considerably influence destructive action at low temperatures. These aspects must also be the subject of future examination. 
